Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the three referees who agreed to evaluate your manuscript. As you will see from the reports below, the reviewers acknowledged that this work presents a potentially interesting and extensive analysis of phosphorylation network evolution in yeast. The reviewers, however, did raise a series of substantial concerns, both conceptual and methodological, which, I am afraid to say, preclude its publication in its present form.
The reviewers indicated clearly that the way subfunctionalization was presented in this work may be somewhat oversimplified. They noted that if many phosphosites are non-functional and evolutionarily neutral, as suggested in your previous work, then loss or gain of a phosphosite cannot be assumed to lead to functional changes (sub-or neo-functionalization). They felt that this issue had important implications for how these results were interpreted.
In addition, the reviewers had a series of important methodological concerns. For example, the reviewers observed that the apparent weak evidence for evolutionary phosphosite compensation could be caused by a correlation between protein length and the number of phosphosites. They felt that it would be important to rigorously control for this potential bias. There was also significant confusion regarding the data presented in Fig. 1B and the manner in which the 36% conservation value was calculated.
More generally, the reviewers felt that this work would benefit from better presentation, including careful revision of the text. The editor notes that you may include your Methods section in the main manuscript, but that the Introduction and Results/Discussion are currently longer than the format requirements for Reports in Molecular Systems Biology (title page, abstract, figure legends and references, introduction and results/discussion should generally not exceed 22,000 characters). We may be able to handle up to 28,000 characters (with spaces). Hopefully, by using more concise language, and moving some detail to the Methods and Supplementary Information sections, you will be able to meet these format requirements. Please note, that in addition to hosting datasets in our supplementary information section, we provide a new functionality that allows readers to directly download the 'source data' associated with selected figure panels (e.g. <http://tinyurl.com/365zpej>). This sort of figure-associated data may be particularly appropriate, for example, for the data in Figure 1 . Guidelines have been pasted at the end of this email.
The editor also feels that this work may benefit from a slightly more specific title, perhaps "Phosphorylation network rewiring by gene duplication."
If you feel you can satisfactorily deal with these points and those listed by the referees, you may wish to submit a revised version of your manuscript. Please attach a covering letter giving details of the way in which you have handled each of the points raised by the referees. A revised manuscript will be once again subject to review and you probably understand that we can give you no guarantee at this stage that the eventual outcome will be favorable.
*PLEASE NOTE* Molecular Systems Biology now publishes online a Review Process File with each accepted manuscript. By reviewing this manuscript, you agree that in the event of acceptance your ANONYMOUS report will be published in conjunction with the author's point-by-point response and all pertinent correspondence relating to the manuscript. Please see our Reviewer or Author Instructions, as well as our related Editorial (http://www.nature.com/msb/journal/v6/n1/full/msb201072.html).
Yours sincerely, Editor Molecular Systems Biology ---------------------------------------------------------------------------REFEREE REPORTS ----------------------------------------------------------------------------
Reviewer #1 (Remarks to the Author):
Freschi and colleagues present an extensive computational analysis of sequence and functional genomics data on S. cerevisiae WGD paralogues, as well as a new phosphoproteomics dataset of L. Kluyveri. Though there is already a large literature in this field, particularly over the past three years or so, the basic idea behind this work is clever and an innovation over previous work: to pin down gains vs losses of phosphorylation sites by inferring ancestral sequences, and comparing to phosphorylation patterns of orthologues in a related species without WGD.
The work could represent a nice integration of computation and experiment, and in principle may be suitable for MSB. However, there are various questions/comments/criticisms that I have at three different levels, which hold me back from providing unconditional support for this paper: at the levels of presentation, methodology and interpretation, as detailed below.
I. Presentation 1.) There are lots of mistakes in spelling and grammar, which suggests this was written in a very rushed and slapdash way, which is disappointing. A blatant example of this is the last sentence of the abstract. I wont list the myriads of other examples. 2.) The terminology of the manuscript makes it hard for the non-phospho-specialist to understand. I counted four different ways of referring to Y/S/T residues: phosphoacceptor sites, phosphosites, phosphorylatable sites, phosphorylation sites. Inferring the difference in meaning between these four terms is challenging, particularly when you take into account the spelling mistakes mentioned in 1.) above. Nevertheless, understanding the difference between them is central to the manuscript. Therefore, I suggest that the authors provide definitions in a separate table/box for instance. 3.) In a similar vein, the authors use the term "subfunctionalization" for loss of a site from the ancestral sequence. This is confusing, because subfunctionalization suggests that each paralogue takes over part of the function of the ancestral sequence. How do we know this is happening in the cases where there is loss of a site? It would be more correct, and simpler, just to categorize gains and losses (relative to the ancestral sequence) as such.
II. Methodology 4.) In the section on conservation and compensation of sites, it is unclear whether the correlation between the number of phosphosites/phosphorylation sites/ST residues may be an artefact of correlation with e.g. protein length or length of intrinsically unstructured peptides within proteins. In other words, a dataset of non-WGD paralogues (e.g. paralogues from segmental duplications or simply length and IUP-matched unrelated proteins) needs to serve as a control. 5.) Related to this, the window approach in Fig 1D actually shows that in most cases, compensation is NOT the rule. The authors speculate that this may be because 3D structure is not taken into, but if the majority of sites are in IUP regions, then this is unlikely to be the case -a quantification of the fraction of sites in structured vs unstructured regions would be useful to clarify this. 6.) When considering kinase-substrate relationships, the authors claim that the difference in score between phosphorylated and un-phosphorylated sites (5.3 vs 4.8) suggests that no kinase recognizes the unphosphorylated site. These scores actually seem fairly similar to me -again, a suitable control dataset (segmental duplicates or length/residue composition-matched unrelated proteins) would help to gauge what this difference means. 7.) Though the conclusion on subfunctionalization (loss) dominating over gains is very believable, it is unclear to what extent the absolute values are affected by false positives and negatives in the proteomics data. 8.) Another question that comes to mind in this section, but which may affect the whole analysis, is to what extent it is actually possible to properly align all of the regions between paralogues. Looking at the alignments in Fig 2B, I wonder whether some paralogues are diverging so quickly in their IUP regions that it is actually impossible to say whether a position is conserved or not. Is this taken into account?
III. Interpretation 9.) There is little discussion about the possibility of sites evolving at neutral rates because they are non-functional, even though this has been published by the authors previously. How would this affect the analysis. 10.) In addition, there is little mention of the possibility that the same kinase could phosphorylate different sites to different degrees, and further, that one site could be mainly phosphorylated by one kinase and to a minor degree by another etc. 11.) Despite reading the main text and supplementary material several times, I am still unsure whether the authors conclude that there is or is not significant evidence of sites compensating for each other. This lack of clarity is somewhat frustrating. 12.) The authors mention that cell cycle regulation has diverged very quickly post-WGD -it is a somewhat surprising claim to me; is there any other evidence for this in the literature?
Reviewer #2 (Remarks to the Author):
Frechi and colleagues present in this manuscript an evolutionary analysis of protein phosphorylation for the gene duplicates of S. cerevisiae that were retained after the whole-genome duplication event. They find that phosphosites diverged extensively between these duplicate pairs and that even when those are conserved they are likely to be regulated by different kinases. In addition, although they find a conservation of the total number of phosphorylation sites between these duplicates, there is weak evidence for local compensatory turnover. They then reconstructed likely ancestral sequences and obtained a novel phosphoproteomics dataset for a L. kluyveri and used these to predict the most likely evolutionary trajectory for these sites. They find that subfunctionalization appears to be the main route to generate different phosphorylation sites between the duplicates.
Overall this work provides a substantial addition to a nascent field of study on the evolution of protein phosphorylation. The results are interesting, methods used appropriate and I could reproduce some of the main findings. I have no major concern but several concerns that should be addressed: -In the introduction section the authors describe that "each phosphosite is therefore expected to contribute to a particular function (...)". These same authors previously speculated that a substantial fraction of phosphorylation sites might have no functional role. Given the low general conservation of phosphorylation sites observed so far this is a likely explanation for the high rate of divergence of phosphorylation sites. This should be added to the introduction and better discussed later in the manuscript (see below) -The dataset used by the authors excludes phosphosites that cannot be uniquely assigned to a single protein. This is an important caution but this filter might exclude phosphosites with a bias towards duplicated genes. The authors could make sure that most results are not affected by this filter. In particular the comparative analysis with L. kluyveri might be affected by this filtering if indeed it has a stronger impact on the number of described phosphosites for paralogs.
-After excluding positions that are not S/T sites in both paralogs they obtain a rate of conservation of 13.5%. Is this phosphosite conservation higher than expected when compared to other ST sites? I expect so. I used the same paralogs (aligned with Muscle) and an unfiltered list of phosphosites and observed a similar level of conservation (~17%) that was ~2.5 times more than expected by chance based on random sampling of same number of sites in the same proteins.
-The authors correctly point out the conservation level observed will depend on false positive and false negatives. The authors describe their approach to address this problem but it was difficult for me to understand exactly what was done, even after seeing the diagram in supplementary figure 1. This is an important point and the description should be improved. For example, initially I was not sure if each point in scatterplot 1B was a pair of paralogs or a pair of studies. Given the small number of points I assume they are pairs of studies. The axis in figure 1B is labeled as "Shared number of sites" but it probably should be a percentage of shared sites (from 0% to 100%). The authors do not make it clear if they excluded positions that were S/T sites in both paralogs. It was also not clear if the comparison is directional, that is, if comparing study A with B gives different results from B with A. Given the high values of reproducibility (>60%) of some pairs I assume that it is directional since this can only be achieved by comparing a small study with a more comprehensive study. For all study pairs the authors correlate the percent (cross-study) conservation of sites with the percent (cross-study) reproducibility. They observed a correlation coefficient of 0.36 between these and from this infer a corrected value of 36% for the conservation of phosphosites for the WGD pairs. The correlation coefficient looks surprisingly small for the observed variation around the trendline ( fig 1B) . If my assumptions above are correct I obtain a (pearson) correlation coefficient of about 0.6 to 0.7 (depending on the studies included) using studies that report over 2000 sites (not filtered and including positions that may not be S/T sites in both paralogs). Finally I did not understand how they used the correlation coefficient as the normalized conservation value. From what I understood, the corrected value could be obtained by forcing the trendline to cross at 0 and extrapolating the expected conservation value for a perfect (100%) reproducibility. For the analysis described above I obtain an extrapolated value of ~28% which would be in line with the reported 36%, given the variation in studies and methods. Was this what the authors did? Later in the text of this section of the results the authors change the value to 34%.
-The authors observe a significant correlation (r=0.35) between the total number of phosphosites for the two paralogs. As the authors describe, one possible explanation for this correlation could be a selection to maintain the total number of sites despite the divergence of position. However it cannot be ruled out that this correlation has a neutral explanation. There is a significant positive correlation between protein size and number of phosphorylation sites (r=0.38, p-value=10^-6). If there is a substantial fraction of non-functional sites that are observed in a manner that depends on protein length then the conservation of protein size between paralogs would explain the observed correlation. In fact the statistical analysis presented in this section further supports the notion that the conservation of total number of sites might be, to some extent, neutral.
-Regarding this analysis of local compensation due to turn over the authors could do a similar study over all the pairs instead of doing a pair-by-pair analysis. That is, for all the duplicates and different window sizes, does the conservation value over the expected by chance increase when one considers a local region of size l around the phosphosite? -The claim made by Beltrao et al. 2009 was not that the total number of sites was conserved between orthologs but that the phosphorylation level of protein complexes or pathways remains conserved between fungi.
-Figures 1E and 1F are not discussed in the main text.
-Regarding the analysis of sub/neo functionalization: How stable are the predicted ancestral sequences and observed results? The authors could test the stability of their results by checking how much they change after the addition of a third species that diverged from S. cerevisiae before the genome duplication event.
-The addition of phosphoproteomics data for L. kluyveri is of great value but it is hardly emphasized in the text. It is a pity that only 886 phosphosites could be confidently assigned but no phosphoprotemics data previously existed for this divergence time distance away from S. cerevisiae (or any other pairs of species for that matter). Given the low number of phosphoproteins detected the authors should be more explicit about the number of 1 to 1 and 1 to 2 L. kluyveri -S. cerevisiae orthologs analyzed. As mentioned above the authors filtered phosphopeptides that could not be uniquely assigned to S. cerevisiae proteins. This could be biased towards duplicated proteins and therefore influence this analysis of the L. kluyveri. The authors should test that this is not the case.
-I could not access the phosphoproteomics data for L. kluyveri anywhere. This should be made available as supplementary material with peptide and site assignment scores.
-The methods should be described in the main text not in supplementary materials Reviewer #3 (Remarks to the Author):
The authors present a systematic analysis of the evolutionary fate and origin of phosphorylations and phosphorylated residues after the WGD in yeast. In addition the evolutionary analysis extends to the (likely) kinases for the phosphorylation inferred from the motifs surrounding each phoshorylation site.
This work provides several advantages over previously published related analyses: the addition of the potential kinases into the analysis, the attention to the problems of false positives and false negatives in phosphoproteomics data and the generation of additional phosphoproteomics data in an pre-WGD species to be able to reconstuct the ancestral phosphorylation state. However there are some problems with the introduction and discussion of the work.
1) The paper by Amoutzias et al. from PNAS feb 2010 explores many similar ideas and seeks to answer certain questions that are very similar to the work presented here. Most importantly that work quantifies the contribution of subfunctionalization versus neofunctionalizaton in the evolution of phosphosites after gene duplication, finding substantially different percentages. The current manuscript does a very poor job of discussing this very relevant paper (e.g. it is not mentioned in the abstract giving the false impression that something similar has never been done) and specifically with regard to subfunctionalization versus neofunctionalizaton.
2) The authors describe a too simple model of functional fate after gene duplication in the introduction. Function is very multidimensional: e.g. subfunctionalization likely means something else in the context of the evolution of the promotor than in the context of protein complex membership. It has even been shown that most gene duplicates display features of both type of processes, i.e. they are best described as sub-neo-functionalization (see e.g. He X, Zhang J. Genetics. 2005) . This is also related to discussing the findings of Amoutzias et al.
3) There are some seemingly unfinished or very poorly formulated sentences. Most notably the final sentence of the abstract and the first two sentences of the section entitled "Subfunctionalization shaped the evolution of paralogous phosphoproteins" Normally I would consider this a very minor problem, but given my concern regarding the relation to the work from Amoutzias et al., I think these sloppy sentences are indicative of rewriting in progress. On a related note on page 6, the first half of the page ends with: "When only sites that harbor a phosphoacceptor residues (S/T) in both paralogs were considered, the overall conservation of phosphorylation was estimated to be of 13.5%, suggesting that paralogous proteins have substantially diverged after their duplication in terms of post-translational regulation. That is, one is found to be phosphorylated in the set of conditions surveyed so far while the other is phosphorylatable but not phosphorylated". This is not what I would gather from the data, because I think it is caused at least in part by problems with reproducibility in these type of data making any evolutionary conclusions fraught with difficulty. So I was inclined to produce a harsh comment, but then it turns out the auhors agree a 100% with me, because they go on to say "However, this measure of conservation might be strongly downwardly biased. Indeed, both false negative and false positive identifications tend to inflate the divergence among paralogs". The subsequent analysis very nicely shows that the conservation is still quite low (only 34%) but that is a factor 2.5 times higher than the first analysis implies. This should be rephrased to be more internally consistent. A similar conceptual inconsistency is cause by the off hand statement at the end of the paragraph on page 11 that "This may at least partly be explained by the fact that many phosphosites may have little or not functional roles and thus evolve rapidly (Landry et al, 2009) .".If the authors stand by this statement (which they likely do since they produced this result and I also do), then aren't all previous sections on sub-vs neofunctionalization or the kinase rewiring null and void because in other for changes in phospho-state to be sub-or neofunctional they have to be functional in the first place? Dear Editor:
Thank you for considering our manuscript entitled 'Phosphorylation network rewiring bygene duplication'for publication in Molecular Systems Biology. We werepleased to read the overall positive comments of the reviewers and we addressed all ofthem in a new version of the manuscript that you will find attached. We also performedseveral new analyses that clarify and support our initial results.You will find below a detailed list of the reviewers' comments (blue) and the correspondingmodifications (black). Thank you for this positive comment. As you will see below, we were able to address all ofthe reviewers' comments and the changes we made greatly improved the manuscript. Wethank you for giving us the opportunity to resubmit a new version of the manuscript. We agree that the interpretation of the data should have been made clearer. As we weretrying to be as concise as possible to meet the word limit imposed for a MSB report, we leftaside some of the details needed for the full interpretation of the results. We have nowmodified this version and we discuss gains and losses of phosphosites rather than sub andneo-functionalization (see below). There was also significant confusion regarding the data presented in Fig. 1B and themanner in which the 36% conservation value was calculated.
We have revised this section to make it clearer and to follow the reviewers' requests. Weinclude a description of how the analyses were done in the methods section and we includethe reviewer's suggestion about how these should be calculated. We have considerably reviewed the writing of the manuscript to make it more concise. Inthe previous version of the manuscript, the methods were placed in the supplementaryinformation for the sake of space. We have considerably reduced the length of manuscriptby making some sections more concise. The manuscript has now 29,122 characters. We will be happy to make allof our data available under these formats upon acceptance ofthe paper.
For the moment, all the data is available in the supplementary information.
The editor also feels that this work may benefit from a slightly more specific title, perhaps"Phosphorylation network rewiring by gene duplication."
We modified the title as suggested by the Editor and it is now "Phosphorylation networkrewiring by gene duplication" We completely agree with the reviewer.In the previous version, we were interpreting theresults under the current model suggesting that every phosphosite contributes to a functionof the proteins.We now use the terms 'gains and losses' rather than neo andsubfunctionalization throughout and mention that these could represent neo-and sub-functiontionalization events when it is appropriate.We now write in the introduction:"Protein phosphorylation regulates several if not most of protein functions by affecting theirstability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths,which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions(subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) .If we assume a model underwhich each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs.In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolvedand regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have nospecific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost aftergene duplication in these networks would represent gains and losses of phosphosites withoutsub-or neofunctionalization of the proteins."We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains ofphosphosites by reconstructing the ancestral sequences of the paralogous proteins andcomparing the observed proportions to the neutral expectations (Figure 2A, 2B & 2C) .Wefound that 25% of sites correspond to gains and 31% of sites correspond to losses. Theseproportions are, respectively, significantly less and more than expected by chance alone, basedon the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ).This remains true for ordered and disordered regions of proteins, which have been shown toevolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomlys elected S/T. These results are also unlikely to result from false positives, as we performed thesame analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses,2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6) We agree with the reviewer that since long disordered proteins are more likely to bephosphorylated, and paralogous proteins tend to preserve the same length and proportionof disordered regions, they will also tend to have the same number of phosphorylation sites.We performed two control analyses to test for these possibilities. First, we divided thenumber of phosphorylation sites of the proteins by their length in amino acid residues and tested the correlation again. We found that the correlation remains significant. We alsoperformed the same analysis for phosphorylation sites in disordered regions only anddivided the number of sites by the length of the IUP. We again found that the results aresignificant.The results are now included in the manuscript.We now write in the results:"Surprisingly, despite the low level of site-conservation between paralogous proteins, there is ahighly significant correlation in the number of phosphorylation sites between paralogs (rho =0.35, p-value < 2.2◊10-16; Figure 1B ). This correlation remains significant when the number of phosphosites is normalized by protein length (rho = 0.32 p-value < 6.9◊10-14) or the length of disordered regions (rho= 0.27 p-value < 3.8◊10-10), which both tend to be preserved between paralogs. The correlation is also significant when only site-diverged phosphosites are considered (rho = 0.28, p-value = 2.0 ◊10-11)."
5.) Related to this, the window approach in Fig 1D actually shows that in most cases,compensation is NOT the rule. The authors speculate that this may be because 3D structureis not taken into, but if the majority of sites are in IUP regions, then this is unlikely to be the case -a quantification of the fraction of sites in structured vs unstructured regions would beuseful to clarify this.
We agree with the reviewer that our results indicate that compensation by nearby sites isnot the rule and the 3D structure might not be a big issue since most phosphosites are inIUP(86% of the sites occur in disordered regions or the proteins). We removed the explanation based on the 3D structure and we now briefly discuss the limitations of our analyses and the evolutionary factors that may explain this. We also need to stress thatcompensation by nearby sites may occur only in particular circumstances and we don'texpect this mechanism to explain the overall preservation of the number of phosphosites between paralogs. This section now reads as follows:"This result may suggest either that compensation by near-by sites is relatively uncommon andis specific to some types of proteins, or that the relatively limited coverage of the yeast phosphoproteome leaves us with limited power to detect significant compensation.Anotherpossibility is that such compensation takes place only in highly phosphorylated proteins.Indeed, we found that paralogous pairs for which there is significant functional compensation have significantly more phosphosites (mean: 9.28 vs. 3.87; Wilcoxon test: p-value < 9.5◊10-11)and also tend to contain a larger proportion of disordered residues (mean: 53% versus 42%, p= 0.01) compared to all pairs."
6.) When considering kinase-substrate relationships, the authors claim that the differencein score between phosphorylated and un-phosphorylated sites (5.3 vs 4.8) suggests that nokinase recognizes the unphosphorylated site. These scores actually seem fairly similar tome -again, a suitable control dataset (segmental duplicates or length/residue composition-matched unrelated proteins) would help to gauge what this difference means.
We agree with the reviewer that the difference is rather small but we must reiterate that itis highly significant. In order to clarify our point, we now include a formal analysis of thedifferent classes of phosphosites and nonphopsphorylated S/T and their associated PWMscores ( Figure 1F ).From this analysis, we clearly show that state-divergednonphosphorylated S/T have an average score that is somewhere between phosphorylatedand nonphosphorylated (randomly chosen S/T) sites, confirming that they are a mixture of phosphorylated and nonphosphorylated sites. Using this analysis, we were able to estimatethat about half of those sites mentioned above may actually not be phosphorylated by anyof the kinases ( Figure S3 ). Further, we have to stress that PWM cannot strictly discriminate between phosphorylated and non-phosphorylated sites. The sequence surrounding aphosphosite is a "minimal" condition for the recognition by a kinase, and is not sufficient initself for phosphorylation to occur. Therefore, many sites that have perfect PWM scoresmay in fact never be phosphorylated.
7.) Though the conclusion on subfunctionalization (loss) dominating over gains is verybelievable, it is unclear to what extent the absolute values are affected by false positives andnegatives in the proteomics data.
Unfortunately, it is very difficult or impossible to estimate the false positives (FP) ratesfrom these studies. We have included in our analyses the same criteria used in the originalstudies, which the authors usually adjust to reach a 5% false positive rate. However, we cansay that FPs would make phosphosites behave like the null model, i.e. would make thembehave like randomly selected sites. The presence of FPs therefore makes our testconservative. The presence of false negatives (FN) is even more difficult to estimate.However, S/T are highly prevalent amino acids in the proteome and the phosphorylatedones represent only a small fraction of all S/Ts. Among the randomly selected sites, wetherefore expect to have a very limited number of FNs. Further, as for FPs, FNs would alsoreduce the difference between the observed results and expected results.Finally, we findsimilar results for a manually curated set of phosphosites. We include this analysis in thesupplementary figures. Given these points, we are confident that phosphosite lossdominates the divergence of paralogous phosphosites.We now write:"These results are also unlikely to result from false positives, as we performed the sameanalyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
8.) Another question that comes to mind in this section, but which may affect the wholeanalysis, is to what extent it is actually possible to properly align all of the regions betweenparalogues. Looking at the alignments in Fig 2B, I wonder whether some paralogues arediverging so quickly in their IUP regions that it is actually impossible to say whether aposition is conserved or not. Is this taken into account?
We agree with the reviewer that aligning disordered regions is a difficult problem and thuswe share his/her concerns. We have several reasons to believe that this has limited effectson our conclusions. First, the analysis presented in Figure 1C on the compensation of phosphorylation sites bynearby sites shows that this has limited impact. If an improper alignment of phosphositeswas the cause of the low level of conservation, we would expect that considering a windowof sites rather than sites at a specific position would increase their level of conservation.This is not what we see for most of the paralogs. Second, in the case where we compared matched sets of sites sampled randomly, thesampled residues come from the same proteins and in the same proportions from theirdisordered regions. Therefore, our control datasets come from regions that are equallydifficult to align and the alignment issue thus affects both observed and random data sets.Unless phosphosites are localized in regions that evolve particularly quickly (which wouldsupport our observation in a different way), our results should be robust to alignment issues. Finally, ancestral sequences are reconstructed only for positions where there is no indel inthe alignment, which eliminates poorly alignable regions from our analysis.
III. Interpretation9.) There is little discussion about the possibility of sites evolving at neutral rates becausethey are non-functional, even though this has been published by the authors previously.How would this affect the analysis.
We now include a more thorough discussion on this in the introduction and in thediscussion. Accordingly, we now refer to gains and losses of phosphosites rather than neo-and subfunctionalization. We also include an analysis on functionally characterized (although this is a limited set), which shows congruent results with the large-scale data.We now write in the introduction:"Protein phosphorylation regulates several if not most of protein functions by affecting theirstability, localization, activity and ability to interact (Moses & Landry, 2010) . Whenmaintained, paralogous proteins may diverge in function following two evolutionary paths,which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations mayaccumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) .If we assume a model underwhich each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs.In the first case, new connectionsare created in the kinase-substrate network; in the second case, no new function has evolvedand regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have nospecific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost aftergene duplication in these networks would represent gains and losses of phosphosites withoutsub-or neofunctionalization of the proteins."We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains ofphosphosites by reconstructing the ancestral sequences of the paralogous proteins andcomparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).Wefound that 25% of sites correspond to gains and 31% of sites correspond to losses. Theseproportions are, respectively, significantly less and more than expected by chance alone, basedon the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure  2C ).This remains true for ordered and disordered regions of proteins, which have been shown toevolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed thesame analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses,2010); Figure  S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."..."These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
10.) In addition, there is little mention of the possibility that the same kinase couldphosphorylate different sites to different degrees, and further, that one site could be mainlyphosphorylated by one kinase and to a minor degree by another etc.
We agree that this is a possibility. It is however difficult to consider these issues here. Theonly data so far available from phosphoproteomics data is whether a site has been seen asbeing phosphorylated or not. We find that there is evidence for local compensation and the results are statisticallysignificant. However, this is true for a limited set of genes. We now write:"Then, we found that among the 167 pairs of paralogous proteins where both paralogs have atleast one phosphosite, 11 of them (6.6%) showed a significant level of conservation at that window length (an example is shown in Figure  1D ). This result may suggest either thatcompensation by near-by sites is relatively uncommon and is specific to some types of proteins,or that the relatively limited coverage of the yeast phosphoproteome leaves us with limitedpower to detect significant compensation.."
12.) The authors mention that cell cycle regulation has diverged very quickly post-WGD -itis a somewhat surprising claim to me; is there any other evidence for this in the literature?
We are not aware of any papers addressing this issue and we agree with the reviewer thatwe provide only weak evidence for this. Due to space limitation and to the relatively weakevidence of our results, we decided to eliminate this section. This also provides us withmore space to put forward our results on our L. kluyveri phosphoproteomics experiment.
Reviewer #2 (Remarks to the Author): We thank this reviewer for his appreciation of our work.
2-In the introduction section the authors describe that "each phosphosite is therefore expected to contribute to a particular function (...)". These same authors previously speculated that a substantial fraction of phosphorylation sites might have no functionalrole. Given the low general conservation of phosphorylation sites observed so far this is a likely explanation for the high rate of divergence of phosphorylation sites. This should be added to the introduction and better discussed later in the manuscript (see below)
We have modified the MS to make clear that the fact that each phosphosite contributes to afunction of the protein is a general assumption and we now discuss about gains and lossesof phosphosites rather that neo-and subfunctionalization. We now write in the introduction: "Protein phosphorylation regulates several if not most of protein functions by affecting theirstability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths, which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) . If we assume a model underwhich each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs. In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolvedand regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have no specific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites without sub-or neofunctionalization of the proteins."We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains ofphosphosites by reconstructing the ancestral sequences of the paralogous proteins and comparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).Wefound that 25% of sites correspond to gains and 31% of sites correspond to losses. These proportions are, respectively, significantly less and more than expected by chance alone, basedon the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ). This remains true for ordered and disordered regions of proteins, which have been shown toevolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses,2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." ..."These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." We agree with the reviewer that this may impact our analyses as we are missing someconserved phosphorylations, and it is why we included both types of peptides in ouranalysis regarding L. kluyveri in the first version of our manuscript (see Figure previous 2and current Figure 3 ) and we referred to those as unique peptides and all peptides. Wefound the same results with both datasets.
Here we also performed all other pertinent analyses with both datasets and we find generally similar results. Most results are thereforenot affected by this filtering.We now write: "We considered these issues by comparing the cross-study conservation with the cross-studyreproducibility. We found that state-conservation between paralogs is around 36% for filtered peptides (considering only phosphopeptides that match a single position in the proteome) and54% for unfiltered peptides (considering all phosphopeptides) ( Figure 1A )."..."These results are also unlikely to result from false positives, as we performed the sameanalyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." We now include this analysis and the results are presented in Figure S1 . Indeed, finding somany sites phosphorylated in both sets of paralogs in unlikely to occur by chance alone.We now write:"Among these sites, 2445 are unique to one paralog and 118 (that correspond to 236phosphosites) occur at homologous positions, a number 7.4 times higher than expected bychance (P<< 0.001, Figure S1 )." We have now expanded and better explained these analyses based on the reviewer'scomment and we provide a description of the rationale for this analysis in the methodssection. We now write in the results: "This measure of state-divergence is strongly upwardly biased by false negative (FN) and falsepositive (FP) identifications and also by the fact that phosphopeptides that match more thanone protein are not included in this dataset. We considered these issues by comparing thecrossstudy conservation with the cross-study reproducibility. We found that state-conservation between paralogs is around 36% for filtered peptides (considering only phosphopeptides that match a single position in the proteome) and 54% for unfiltered peptides (considering all phosphopeptides) ( Figure  1A )."
4-After excluding positions that are not S/T sites in both paralogs

5-
We now write in the methods:"We estimated the state-divergence of phosphosites between paralogous proteins bycomparing cross-study conservation and reproducibility. Our data set comes from 8 distinctstudies, so there are 28 possible pairwise comparisons. We only considered sites that were S/Tin both paralogs. For each pair of studies we considered 2 sets of concatenated paralogousproteins, para.1 and para.2. We counted the number of sites found in para.1 in study 1 andexamined how many were also found in para.1 in study 2 (cross-study reproducibility) andpara.2 in study 2 (cross-study conservation) ( Figure S7 ). We did the same comparison for thesetwo studies between sites identified in para.2 of study 1 and also in para.2 of study 2 (crossstudy reproducibility) and of para.1 of study 2 (cross-study conservation). Each pair of studiestherefore yields two ratios of cross-study conservation/cross-study reproducibility and thisratio gives a measure of the extent of conservation between paralogs while taking into account the reproducibility of the two studies.
State conservation ≈cross-study conservation/cross-study reproducibility A regression of the cross-study conservation on the cross-study reproducibility providesa rough estimate of the state-conservation between paralogs while taking reproducibility into account ( Figure 1A )." We thank the reviewer for this comment. We have performed the control analysis andfound that the results are robust. For instance, the correlation remains significant evenwhen the number of phosphosites is normalized by protein length. We now write:"Surprisingly, despite the low level of site-conservation between paralogous proteins, there is a highly significant correlation in the number of phosphorylation sites between paralogs (rho =0.35, p-value < 2.2◊10-16; Figure 1B ). This correlation remains significant when the number of phosphosites is normalized by protein length (rho = 0.32 p-value < 6.9◊10-14) or the length of disordered regions (rho= 0.27 p-value < 3.8◊10-10), which both tend to be preserved between paralogs. The correlation is also significant when only site-diverged phosphosites are considered (rho = 0.28, p-value = 2.0 ◊10-11)."
7-Regarding this analysis of local compensation due to turn over the authors could do asimilar study over all the pairs instead of doing a pair-by-pair analysis. That is, for all theduplicates and different window sizes, does the conservation value over the expected by chance increase when one considers a local region of size l around the phosphosite?
Our analysis was performed on all pairs of paralogs that have each at least one phosphosite and we do find that the percent of conservation increases with window size, up to a certainsize. We disagree with the reviewer that we should concatenate the proteins for this analysis as in some cases, windows may cover residues from different proteins and thus incorrectly affect the results. Beltrao et al. 2009 was not that the total number of sites was conserved between orthologs but that the phosphorylation level of protein complexes or pathways remains conserved between fungi.We changed our statement accordingly.
8-The claim made by
We now write:"This result is in agreement with a recent study (Beltrao et al, 2009) reporting that thephosphorylation levels of orthologous protein complexes or pathways between Candida albicans and S. cerevisiae tend to be conserved."
9- Figures 1E and 1F are not discussed in the main text.
We now discuss all of the figures included. We performed the analyses requested by the reviewer by including another species thatdiverged prior to the WGD and our results remain qualitatively the same. We now write: "These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation inancestral sequence reconstruction ( Figure S6 )." We agree with the reviewer that this may impact our analyses as we are missing someconserved phosphorylations, and it is why we included both types of peptides in ouranalysis regarding L. kluyveri in the first version of our manuscript (see Figure previous 2and current figure 3 ) and we referred to those as unique peptides and all peptides. Wefound thesame results with both datasets.
11-
Here wealso performed all other pertinentanalyses with both datasets and we find generally similar results. Most results are notaffected by this filtering. We now write:"We considered these issues by comparing the cross-study conservation with the cross-studyreproducibility. We found that stateconservation between paralogs is around 36% for filteredpeptides (considering only phosphopeptides that match a single position in the proteome) and54% for unfiltered peptides (considering all phosphopeptides) ( Figure 1A )."..."These results are also unlikely to result from false positives, as we performed the sameanalyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
I could not access the phosphoproteomics data for L. kluyveri anywhere. This should bemade available as supplementary material with peptide and site assignment scores.
This data was made available in the supplementary table that contained all of the phosphosites, including those from L. kluyveri. It is now included as a separate supplementary file with the different scores associated with them.
-The methods should be described in the main text not in supplementary materials
We now include the methods in the main text.
Reviewer #3 (Remarks to the Author):
The 
Genetics. 2005). This is also related to discussing the findings of Amoutzias et al.
We agree that the situation is more complex but given the space available to describe the theoretical context, we chose to describe more simple scenarios. We now mention in the introduction that sub and neofunctionalization are not mutually exclusive scenarios for a given gene. However, if one considers that phosphosites have 'independent function', one particular site can only go one way or another. We also acknowledge in the manuscript that this independence may not hold for most phosphosites. We now write:"Protein phosphorylation regulates several if not most of protein functions by affecting their stability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths,which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) . If we assume a model under which each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs. In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolved and regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have nospecific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites withoutsub-or neofunctionalization of the proteins."..."One limitation of our analysis is that we consider that, when functional, each phosphosite hasan independent function, which may not be necessarily the case, as several cooperative effect samong phosphosites have been reported (Kapoor et al, 2000) . The combined and individualeffects of the sub-and neofunctionalized sites will need to be addressed experimentally toestimate the functional effects of these divergences. Further integrative analyses will also be required to elucidate the importance of neo-and subfunctionalization that take place atmultiple levels (transcription, protein function, PTMs), as these may be largely dependent on each other (Jensen et al, 2006) ."
3) There are some seemingly unfinished or very poorly formulated sentences. Most notablythe final sentence of the abstract and the first two sentences of the section entitledSubfunctionalization shaped the evolution of paralogous phosphoproteins" Normally I would consider this a very minor problem, but given my concern regarding the relation tothework from Amoutzias et al., I think these sloppy sentences are indicative of rewriting in progress.
We are sorry for these problems and we have now entirely revised the manuscript to makesure to clarify these sections. We don't see the inconsistency with the first statement given that we acknowledge and face this issue right away in the manuscript. However, we thank the reviewer for pointing this problem and we have improved the description of the results to make sure there was no confusion on this issue.
4) On a related note on page 6, the first half of the page ends with: "When only sites thatharbor a phosphoacceptor residues (S/T) in both paralogs
5) A similar conceptual inconsistency is cause by the off hand statement at the end of theparagraph on page 11 that "This may at least partly be explained by the fact that manyphosphosites may have little or not functional roles and thus evolve rapidly (Landry et al,2009).". If the authors stand by this statement (which they likely do since they produced thisresult and I also do), then aren't all previous sections on sub-vs neofunctionalization or thekinase rewiring null and void because in other for changes in phospho-state to be sub-orneofunctional they have to be functional in the first place?
We agree with the reviewer. We did not discuss this issue in great detail because our results suggest that a significant fraction of sites behave differently from randomly sampled ones,which they would not do if they were all non-functional. We however now formally include these considerations in the introduction and do not discuss sub-and neofunctionalisation but rather gains and losses of phosphosites. However, we have to note that phosphorylatedsites need to result from the interaction between a kinase and a substrate. Therefore, evenif phosphosites that diverge between paralogs are non-functional, there is still a differenceof kinase-substrate interaction between them and thus rewiring at the network level. We now write in the introduction:"Protein phosphorylation regulates several if not most of protein functions by affecting theirstability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths,which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) . If we assume a model underwhich each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs. In the first case, new connectionsare created in the kinase-substrate network; in the second case, no new function has evolvedand regulatory links are lost rather than created. We (Landry et al, 2009) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have nospecific functions and represent the result of kinase-substrate interactions that evolvedneutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites withoutsub-or neofunctionalization of the proteins."We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains of phosphosites by reconstructing the ancestral sequences of the paralogous proteins andcomparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).Wefound that 25% of sites correspond to gains and 31% of sites correspond to losses. Theseproportions are, respectively, significantly less and more than expected by chance alone, basedon the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ).This remains true for ordered and disordered regions of proteins, which have been shown toevolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomlyselected S/T. These results are also unlikely to result from false positives, as we performed thesame analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses,2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." 2021
2nd Editorial Decision 11 May 2011
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the three referees who agreed to evaluate this revised study. As you will see, the referees were satisfied by the revisions made to this work, and are now supportive of publication. Before we can accept this work for publication a series of mostly minor format and content issues remain, which we would ask you to address in a final revision of this work.
1. Please see the remark by Reviewer #2 regarding Fig. 1A , there does seem to be a discrepancy in the filtered/unfiltered labeling. 4. Please provide the Phosphoproteomic dataset as an excel file or tab-delimited text file, rather than a pdf.
Thank you for submitting this paper to Molecular Systems Biology.
Yours sincerely, Editor Molecular Systems Biology ---------------------------------------------------------------------------Referee reports ----------------------------------------------------------------------------
I am now satisfied that the authors have addressed all my comments, and fully support publication of this manuscript.
I feel the authors have adequately addressed all my previous concerns and that the ideas presented are suitable for the target audience of this journal.
I think there is small mistake in Figure 1A with a switch in labels between filtered/unfiltered data. The authors should have another look for consistency and mistakes between figures and text.
Freschi and colleagues have substantially revised their manuscript and addressed all the comments. I think it now presents a balanced and clear discussion of a substantial number of novel findings with regards to divergence and conservation of phosphorylation events between WGD paralogs.
2nd Revision -authors' response 26 June 2011
Thank you for considering our manuscript entitled 'Phosphorylation network rewiring by gene duplication'for publication in Molecular Systems Biology. We were pleased to read the overall positive comments of the reviewers and we addressed all of them in a new version of the manuscript that you will find attached. We also performed several new analyses that clarify and support our initial results.
You will find below a detailed list of the reviewers' comments and the corresponding modifications Editor's comments
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the three referees who agreed to evaluate your manuscript. As you will see from the reports below, the reviewers acknowledged that this work presents a potentially interesting and extensive analysis of phosphorylation network evolution in yeast. The reviewers, however, did raise a series of substantial concerns, both conceptual and methodological, which, I am afraid to say, preclude its publication in its present form.
Thank you for this positive comment. As you will see below, we were able to address all of the reviewers' comments and the changes we made greatly improved the manuscript. We thank you for giving us the opportunity to resubmit a new version of the manuscript.
The reviewers indicated clearly that the way subfunctionalization was presented in this work may be somewhat oversimplified. They noted that if many phosphosites are non-functional and evolutionarily neutral, as suggested in your previous work, then loss or gain of a phosphosite cannot be assumed to lead to functional changes (sub-or neo-functionalization). They felt that this issue had important implications for how these results were interpreted.
We agree that the interpretation of the data should have been made clearer. As we were trying to be as concise as possible to meet the word limit imposed for a MSB report, we left aside some of the details needed for the full interpretation of the results. We have now modified this version and we discuss gains and losses of phosphosites rather than sub and neo-functionalization (see below).
In addition, the reviewers had a series of important methodological concerns. For example, the reviewers observed that the apparent weak evidence for evolutionary phosphosite compensation could be caused by a correlation between protein length and the number of phosphosites. They felt that it would be important to rigorously control for this potential bias.
This is a valid argument. We have addressed this point by showing that the correlation in the number of phosphosites between paralogs remains the same even when the number of phosphosites is normalized by the length of the proteins or the length of disordered regions. These analyses are included in this new version of the manuscript (see below).
There was also significant confusion regarding the data presented in Fig. 1B and the manner in which the 36% conservation value was calculated.
We have revised this section to make it clearer and to follow the reviewers' requests. We include a description of how the analyses were done in the methods section and we include the reviewer's suggestion about how these should be calculated. We have considerably reviewed the writing of the manuscript to make it more concise. In the previous version of the manuscript, the methods were placed in the supplementary information for the sake of space. We have considerably reduced the length of manuscript by making some sections more concise. The manuscript has now 29,122 characters.
Please note, that in addition to hosting datasets in our supplementary information section, we provide a new functionality that allows readers to directly download the 'source data' associated with selected figure panels (e.g. <http://tinyurl.com/365zpej>). This sort of figure-associated data may be particularly appropriate, for example, for the data in Figure 1. Guidelines have been pasted at the end of this email.
We will be happy to make all of our data available under these formats upon acceptance of the paper. For the moment, all the data is available in the supplementary information.
The editor also feels that this work may benefit from a slightly more specific title, perhaps "Phosphorylation network rewiring by gene duplication."
We modified the title as suggested by the Editor and it is now "Phosphorylation network rewiring by gene duplication"
Reviewers' comments:
Freschi and colleagues present an extensive computational analysis of sequence and functional genomics data on S. cerevisiae WGD paralogues, as well as a new phosphoproteomics dataset of L. Kluyveri. Though there is already a large literature in this field, particularly over the past three years or so, the basic idea behind this work is clever and an innovation over previous work: to pin down gains vs losses of phosphorylation sites by inferring ancestral sequences, and comparing to phosphorylation patterns of orthologues in a related species without WGD. The work could represent a nice integration of computation and experiment, and in principle may be suitable for MSB.
We thank the reviewer for his positive evaluation of our manuscript.
However, there are various questions/comments/criticisms that I have at three different levels, which hold me back from providing unconditional support for this paper: at the levels of presentation, methodology and interpretation, as detailed below.
We made substantial revisions based on the reviewers' comments, which greatly improved our manuscript.
I. Presentation 1.) There are lots of mistakes in spelling and grammar, which suggests this was written in a very rushed and slapdash way, which is disappointing. A blatant example of this is the last sentence of the abstract. I wont list the myriads of other examples.
We regret that so many errors were left in the submitted version of the manuscript. We have thoroughly revised the text now and we are confident that the manuscript now meets the quality requirements of MSB. We have used many synonyms such as ëphotoacceptor sites' and ëphosphorylatable sites' in the manuscript and we agree that some may be confusing as we need to make the distinction between sites that can be phosphorylated and those that are actually found to be phosphorylated. We have now revised the text to make sure there was no confusion left.We have now defined two types of phosphosite divergence, state divergence and site divergence. With these definitions, the comparisons will be simpler and easier to understand.
2.) The terminology of the manuscript makes it hard for the non-phospho-specialist to understand. I counted four different ways of referring to Y/S/T residues
We now write: "Phosphosites diverge in two ways.First are cases where a S/T residue is phosphorylated in a protein and a residue that cannot be phosphorylated occupies the homologous position in its paralog (sitedivergence) … Second, a S/T is phosphorylated in one paralog and its homologous position is conserved (S/T) but not observed to be phosphorylated (state-divergence)."
3.) In a similar vein, the authors use the term "subfunctionalization" for loss of a site from the ancestral sequence. This is confusing, because subfunctionalization suggests that each paralogue takes over part of the function of the ancestral sequence. How do we know this is happening in the cases where there is loss of a site? It would be more correct, and simpler, just to categorize gains and losses (relative to the ancestral sequence) as such.
We completely agree with the reviewer.In the previous version, we were interpreting the results under the current model suggesting that every phosphosite contributes to a function of the proteins.We now use the terms ëgains and losses' rather than neo and subfunctionalization throughout and mention that these could represent neo-and sub-functiontionalization events when it is appropriate.
We now write in the introduction: "Protein phosphorylation regulates several if not most of protein functions by affecting their stability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths, which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) .If we assume a model under which each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs.In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolved and regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have no specific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites without sub-or neofunctionalization of the proteins."
We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains of phosphosites by reconstructing the ancestral sequences of the paralogous proteins and comparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).We found that 25% of sites correspond to gains and 31% of sites correspond to losses. These proportions are, respectively, significantly less and more than expected by chance alone, based on the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ). This remains true for ordered and disordered regions of proteins, which have been shown to evolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
II. Methodology 4.) In the section on conservation and compensation of sites, it is unclear whether the correlation between the number of phosphosites/phosphorylation sites/ST residues may be an artefact of correlation with e.g. protein length or length of intrinsically unstructured peptides within proteins. In other words, a dataset of non-WGD paralogues (e.g. paralogues from segmental duplications or simply length and IUP-matched unrelated proteins) needs to serve as a control.
We agree with the reviewer that since long disordered proteins are more likely to be phosphorylated, and paralogous proteins tend to preserve the same length and proportion of disordered regions, they will also tend to have the same number of phosphorylation sites. We performed two control analyses to test for these possibilities. First, we divided the number of phosphorylation sites of the proteins by their length in amino acid residues and tested the correlation again. We found that the correlation remains significant. We also performed the same analysis for phosphorylation sites in disordered regions only and divided the number of sites by the length of the IUP. We again found that the results are significant.The results are now included in the manuscript.
We now write in the results:
"Surprisingly, despite the low level of site-conservation between paralogous proteins, there is a highly significant correlation in the number of phosphorylation sites between paralogs (rho = 0.35, p-value < 2.2◊10-16; Figure 1B ). This correlation remains significant when the number of phosphosites is normalized by protein length (rho = 0.32 p-value < 6.9◊10-14) or the length of disordered regions (rho= 0.27 p-value < 3.8◊10-10), which both tend to be preserved between paralogs. The correlation is also significant when only site-diverged phosphosites are considered (rho = 0.28, p-value = 2.0 ◊10-11)."
5.) Related to this, the window approach in Fig 1D actually shows that in most cases, compensation is NOT the rule. The authors speculate that this may be because 3D structure is not taken into, but if the majority of sites are in IUP regions, then this is unlikely to be the case -a quantification of the fraction of sites in structured vs unstructured regions would be useful to clarify this.
We agree with the reviewer that our results indicate that compensation by nearby sites is not the rule and the 3D structure might not be a big issue since most phosphosites are in IUP(86% of the sites occur in disordered regions or the proteins). We removed the explanation based on the 3D structure and we now briefly discuss the limitations of our analyses and the evolutionary factors that may explain this. We also need to stress that compensation by nearby sites may occur only in particular circumstances and we don't expect this mechanism to explain the overall preservation of the number of phosphosites between paralogs.
This section now reads as follows: "This result may suggest either that compensation by near-by sites is relatively uncommon and is specific to some types of proteins, or that the relatively limited coverage of the yeast phosphoproteome leaves us with limited power to detect significant compensation.Another possibility is that such compensation takes place only in highly phosphorylated proteins. Indeed, we found that paralogous pairs for which there is significant functional compensation have significantly more phosphosites (mean: 9.28 vs. 3.87; Wilcoxon test: p-value < 9.5◊10-11) and also tend to contain a larger proportion of disordered residues (mean: 53% versus 42%, p = 0.01) compared to all pairs." We agree with the reviewer that the difference is rather small but we must reiterate that it is highly significant. In order to clarify our point, we now include a formal analysis of the different classes of phosphosites and nonphopsphorylated S/T and their associated PWM scores ( Figure 1F) .From this analysis, we clearly show that state-diverged nonphosphorylated S/T have an average score that is somewhere between phosphorylated and nonphosphorylated (randomly chosen S/T) sites, confirming that they are a mixture of phosphorylated and nonphosphorylated sites. Using this analysis, we were able to estimate that about half of those sites mentioned above may actually not be phosphorylated by any of the kinases ( Figure S3 ). Further, we have to stress that PWM cannot strictly discriminate between phosphorylated and non-phosphorylated sites. The sequence surrounding a phosphosite is a "minimal" condition for the recognition by a kinase, and is not sufficient in itself for phosphorylation to occur. Therefore, many sites that have perfect PWM scores may in fact never be phosphorylated.
7.) Though the conclusion on subfunctionalization (loss) dominating over gains is very believable, it is unclear to what extent the absolute values are affected by false positives and negatives in the proteomics data.
Unfortunately, it is very difficult or impossible to estimate the false positives (FP) rates from these studies. We have included in our analyses the same criteria used in the original studies, which the authors usually adjust to reach a 5% false positive rate. However, we can say that FPs would make phosphosites behave like the null model, i.e. would make them behave like randomly selected sites. The presence of FPs therefore makes our test conservative. The presence of false negatives (FN) is even more difficult to estimate. However, S/T are highly prevalent amino acids in the proteome and the phosphorylated ones represent only a small fraction of all S/Ts. Among the randomly selected sites, we therefore expect to have a very limited number of FNs. Further, as for FPs, FNs would also reduce the difference between the observed results and expected results.Finally, we find similar results for a manually curated set of phosphosites. We include this analysis in the supplementary figures. Given these points, we are confident that phosphosite loss dominates the divergence of paralogous phosphosites.
We now write: "These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010); Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
8.) Another question that comes to mind in this section, but which may affect the whole analysis, is to what extent it is actually possible to properly align all of the regions between paralogues. Looking at the alignments in Fig 2B, I wonder whether some paralogues are diverging so quickly in their IUP regions that it is actually impossible to say whether a position is conserved or not. Is this taken into account?
We agree with the reviewer that aligning disordered regions is a difficult problem and thus we share his/her concerns. We have several reasons to believe that this has limited effects on our conclusions.
First, the analysis presented in Figure 1C on the compensation of phosphorylation sites by nearby sites shows that this has limited impact. If an improper alignment of phosphosites was the cause of the low level of conservation, we would expect that considering a window of sites rather than sites at a specific position would increase their level of conservation. This is not what we see for most of the paralogs.
Second, in the case where we compared matched sets of sites sampled randomly, the sampled residues come from the same proteins and in the same proportions from their disordered regions. Therefore, our control datasets come from regions that are equally difficult to align and the alignment issue thus affects both observed and random data sets. Unless phosphosites are localized in regions that evolve particularly quickly (which would support our observation in a different way), our results should be robust to alignment issues.
Finally, ancestral sequences are reconstructed only for positions where there is no indel in the alignment, which eliminates poorly alignable regions from our analysis.
III. Interpretation 9.) There is little discussion about the possibility of sites evolving at neutral rates because they are non-functional, even though this has been published by the authors previously. How would this affect the analysis.
We now include a more thorough discussion on this in the introduction and in the discussion. Accordingly, we now refer to gains and losses of phosphosites rather than neo-and subfunctionalization. We also include an analysis on functionally characterized(although this is a limited set), which shows congruent results with the large-scale data.
We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains of phosphosites by reconstructing the ancestral sequences of the paralogous proteins and comparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).We found that 25% of sites correspond to gains and 31% of sites correspond to losses. These proportions are, respectively, significantly less and more than expected by chance alone, based on the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ). This remains true for ordered and disordered regions of proteins, which have been shown to evolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." … "These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." We agree that this is a possibility. It is however difficult to consider these issues here. The only data so far available from phosphoproteomics data is whether a site has been seen as being phosphorylated or not. We find that there is evidence for local compensation and the results are statistically significant. However, this is true for a limited set of genes.
10.) In addition
We now write: "Then, we found that among the 167 pairs of paralogous proteins where both paralogs have at least one phosphosite, 11 of them (6.6%) showed a significant level of conservation at that window length (an example is shown in Figure 1D ). This result may suggest either that compensation by near-by sites is relatively uncommon and is specific to some types of proteins, or that the relatively limited coverage of the yeast phosphoproteome leaves us with limited power to detect significant compensation.."
12.) The authors mention that cell cycle regulation has diverged very quickly post-WGD ñ it is a somewhat surprising claim to me; is there any other evidence for this in the literature?
We are not aware of any papers addressing this issue and we agree with the reviewer that we provide only weak evidence for this. Due to space limitation and to the relatively weak evidence of our results, we decided to eliminate this section. This also provides us with more space to put forward our results on our L. kluyveri phosphoproteomics experiment.
Reviewer #2 (Remarks to the Author): We have modified the MS to make clear that the fact that each phosphosite contributes to a function of the protein is a general assumption and we now discuss about gains and losses of phosphosites rather that neo-and subfunctionalization.
We now write in the introduction:
"Protein phosphorylation regulates several if not most of protein functions by affecting their stability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths, which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) .If we assume a model under which each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs.In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolved and regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have no specific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites without sub-or neofunctionalization of the proteins."
We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains of phosphosites by reconstructing the ancestral sequences of the paralogous proteins and comparing the observed proportions to the neutral expectations ( Figure 2A , 2B & 2C).We found that 25% of sites correspond to gains and 31% of sites correspond to losses. These proportions are, respectively, significantly less and more than expected by chance alone, based on the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ). This remains true for ordered and disordered regions of proteins, which have been shown to evolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." … "These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." We agree with the reviewer that this may impact our analyses as we are missing some conserved phosphorylations, and it is why we included both types of peptides in our analysis regarding L. kluyveri in the first version of our manuscript (see Figure previous 2 and current Figure 3 ) and we referred to those as unique peptides and all peptides. We found the same results with both datasets.
3-
Here we also performed all other pertinent analyses with both datasets and we find generally similar results. Most results are therefore not affected by this filtering.
We now write: "We considered these issues by comparing the cross-study conservation with the cross-study reproducibility. We found that state-conservation between paralogs is around 36% for filtered peptides (considering only phosphopeptides that match a single position in the proteome) and 54% for unfiltered peptides (considering all phosphopeptides) ( Figure 1A )." ... "These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )." We now include this analysis and the results are presented in Figure S1 . Indeed, finding so many sites phosphorylated in both sets of paralogs in unlikely to occur by chance alone.
4-After excluding positions that are not S/T sites in both paralogs
We now write: "Among these sites, 2445 are unique to one paralog and 118 (that correspond to 236 phosphosites) occur at homologous positions, a number 7.4 times higher than expected by chance (P<< 0.001, Figure S1 )." We have now expanded and better explained these analyses based on the reviewer's comment and we provide a description of the rationale for this analysis in the methods section.
5-
We now write in the results: "This measure of state-divergence is strongly upwardly biased by false negative (FN) and false positive (FP) identifications and also by the fact that phosphopeptides that match more than one protein are not included in this dataset. We considered these issues by comparing the cross-study conservation with the cross-study reproducibility. We found that state-conservation between paralogs is around 36% for filtered peptides (considering only phosphopeptides that match a single position in the proteome) and 54% for unfiltered peptides (considering all phosphopeptides) ( Figure  1A )."
We now write in the methods: "We estimated the state-divergence of phosphosites between paralogous proteins by comparing cross-study conservation and reproducibility. Our data set comes from 8 distinct studies, so there are 28 possible pairwise comparisons. We only considered sites that were S/T in both paralogs. For each pair of studies we considered 2 sets of concatenated paralogous proteins, para.1 and para.2. We counted the number of sites found in para.1 in study 1 and examined how many were also found in para.1 in study 2 (cross-study reproducibility) and para.2 in study 2 (cross-study conservation) ( Figure S7 ). We did the same comparison for these two studies between sites identified in para.2 of study 1 and also in para.2 of study 2 (cross-study reproducibility) and of para.1 of study 2 (crossstudy conservation).Each pair of studies therefore yields two ratios of cross-study conservation/cross-study reproducibility and this ratio gives a measure of the extent of conservation between paralogs while taking into account the reproducibility of the two studies. A regression of the cross-study conservation on the cross-study reproducibility provides a rough estimate of the state-conservation between paralogs while taking reproducibility into account ( Figure 1A )." We thank the reviewer for this comment. We have performed the control analysis and found that the results are robust. For instance, the correlation remains significant even when the number of phosphosites is normalized by protein length.
6-
We now write:
7-Regarding this analysis of local compensation due to turn over the authors could do a similar study over all the pairs instead of doing a pair-by-pair analysis. That is, for all the duplicates and different window sizes, does the conservation value over the expected by chance increase when one considers a local region of size l around the phosphosite?
Our analysis was performed on all pairs of paralogs that have each at least one phosphosite and we do find that the percent of conservation increases with window size, up to a certain size. We disagree with the reviewer that we should concatenate the proteins for this analysis as in some cases, windows may cover residues from different proteins and thus incorrectly affect the results. Beltrao et al. 2009 was not that the total number of sites was conserved between orthologs but that the phosphorylation level of protein complexes or pathways remains conserved between fungi.
8-The claim made by
We changed our statement accordingly. We now write: "This result is in agreement with a recent study (Beltrao et al, 2009) The main finding of the paper by Amoutzias et al. is that phosphoproteins are more likely to be maintained after gene duplication (WGD) than other proteins. This finding is quite distinct from what we report here. Amoutzias et al. also considered the issue of sub-and neofunctionalization of phosphosites but without considering the extent of it by comparing the observations to a null model, which we do here. This second analysis is the only one that is common to both studies and we reach different conclusions.
We cite their work in two sections of our manuscript in order to highlight their findings:
We write:
"Furthermore, phosphoproteins were significantly more likely to be retained as paralogs than nonphosphorylated proteins (Amoutzias et al, 2010 Genetics. 2005) . This is also related to discussing the findings of Amoutzias et al.
We agree that the situation is more complex but given the space available to describe the theoretical context, we chose to describe more simple scenarios. We now mention in the introduction that sub and neofunctionalization are not mutually exclusive scenarios for a given gene. However, if one considers that phosphosites have ëindependent function', one particular site can only go one way or another. We also acknowledge in the manuscript that this independence may not hold for most phosphosites.
We now write: "Protein phosphorylation regulates several if not most of protein functions by affecting their stability, localization, activity and ability to interact (Moses & Landry, 2010) . When maintained, paralogous proteins may diverge in function following two evolutionary paths, which are not mutually exclusive. First, one paralog may evolve new functions (neofunctionalization) (Conant & Wolfe, 2008) . Second, degenerative mutations may accumulate in one or both paralogs leading to the loss of redundant functions (subfunctionalization) (Force et al, 1999; Lynch & Force, 2000) .If we assume a model under which each phosphosite in a protein has a function (Holmberg et al, 2002) , neofunctionalization would correspond to sites acquired after the duplication event and subfunctionalization to sites lost in one of the two paralogs.In the first case, new connections are created in the kinase-substrate network; in the second case, no new function has evolved and regulatory links are lost rather than created. We (Landry et al, 2009 ) and others (Lienhard, 2008) have recently suggested that a fraction of phosphorylation sites may have no specific functions and represent the result of kinase-substrate interactions that evolved neutrally or nearly neutrally. Accordingly, a fraction of the links that are created or lost after gene duplication in these networks would represent gains and losses of phosphosites without sub-or neofunctionalization of the proteins." ... "One limitation of our analysis is that we consider that, when functional, each phosphosite has an independent function, which may not be necessarily the case, as several cooperative effects among phosphosites have been reported (Kapoor et al, 2000) . The combined and individual effects of the sub-and neofunctionalized sites will need to be addressed experimentally to estimate the functional effects of these divergences. Further integrative analyses will also be required to elucidate the importance of neo-and subfunctionalization that take place at multiple levels (transcription, protein function, PTMs), as these may be largely dependent on each other (Jensen et al, 2006) ." We are sorry for these problems and we have now entirely revised the manuscript to make sure to clarify these sections. We don't see the inconsistency with the first statement given that we acknowledge and face this issue right away in the manuscript. However, we thank the reviewer for pointing this problem and we have improved the description of the results to make sure there was no confusion on this issue. We agree with the reviewer. We did not discuss this issue in great detail because our results suggest that a significant fraction of sites behave differently from randomly sampled ones, which they would not do if they were all non-functional. We however now formally include these considerations in the introduction and do not discuss sub-and neofunctionalisation but rather gains and losses of phosphosites. However, we have to note that phosphorylated sites need to result from the interaction between a kinase and a substrate. Therefore, even if phosphosites that diverge between paralogs are non-functional, there is still a difference of kinase-substrate interaction between them and thus rewiring at the network level.
4) On a related note on page 6, the first half of the page ends with: "When only sites that harbor a phosphoacceptor residues (S/T) in both paralogs
5) A similar conceptual inconsistency is
We now write in the results: "We therefore sought to quantify whether site divergence resulted from losses or gains of phosphosites by reconstructing the ancestral sequences of the paralogous proteins and comparing the observed proportions to the neutral expectations ( Figure 2A, 2B & 2C) .We found that 25% of sites correspond to gains and 31% of sites correspond to losses. These proportions are, respectively, significantly less and more than expected by chance alone, based on the resampling of phosphorylatable sites in the same set of phosphoproteins ( Figure 2C ). This remains true for ordered and disordered regions of proteins, which have been shown to evolve at different rates. We consider that these losses represent several subfunctionalization events as non-functional phosphosites (Landry et al, 2009 ) are expected to evolve as randomly selected S/T. These results are also unlikely to result from false positives, as we performed the same analyses on a smaller number of manually curated phosphosites (Nguyen Ba & Moses, 2010) ; Figure S4 ) and we observed similar results. Our results are also robust the data filtering ( Figure S5 ) and variation in ancestral sequence reconstruction ( Figure S6 )."
